Abstract. We use the propagator resolved transverse relaxation exchange technique to look at the movement of fluid in three different types of rock samples. The two pore model previously used to fit molecular exchange simulations to the experimental data is expanded to accommodate the three site exchange seen in two of the samples. Estimated values for pore space characteristics from the simulations were compared to values calculated from X-Ray CT data of the samples. While discrepancies exist between the NMR and X-Ray CT results, the molecular exchange behavior estimated from the three samples reflects well with their morphology.
INTRODUCTION
Characterization of the behavior of fluid in a porous material is of interest to a wide variety of fields such as oil recovery, chemical engineering, and medicine. Nuclear magnetic resonance (NMR) has been widely used to this aim, as it is non-invasive and can be performed on opaque samples. To help observe the movement of fluid molecules between differing environments, researchers have used transverse relaxation exchange experiments^'^. This technique correlates the T2 times of spin-bearing fluid molecules separated by a mixing time. When a two dimensional inverse Laplace transform is applied to the data, a spectrum similar in form to Fourier exchange experiments is produced. Molecules that are in their original environment appear along the diagonal while molecules that have changed environment will appear as cross peaks. The technique was limited however, in that it cannot distinguish signal of spin-bearing molecules that have exchanged between pores of similar size from molecules that have remained in their original environment. To provide more information about the fluid movement, a third, propagator dimension was added to the transverse relaxation exchange experiment^ so that the distance that the fluid molecules move during the mixing time can be measured. These experiments were performed on tight-packed quartz sand. By fitting to the theory, we are able to estimate parameters such as pore size, inter-pore spacing, pore characteristic times, and tortuosity. In this paper, we examine more samples to see how the exchange behaviour compares with the different sample morphology. We also modify our simulations to account for three site exchange.
EXPERIMENTAL
To expand upon the previous propagator resolved transverse relaxation exchange work^ we performed the experiments on two additional samples, Fontainebleau sandstone and Mt. Gambier limestone. The three different samples show a range of morphology. Properties of the three samples were calculated from X-Ray CT images'*, shown in Fig All three samples were saturated with distilled water. The experiments were performed with mixing times from 50 ms to 550 ms in 50 ms intervals. A fixed echo spacing of 150 |as was used to minimize the influence of internal gradients. After experimentation, the data was zero filled along the diffusion axis and Fourier transformed to produce the average propagator. Planes of T2-T2 exchange data were extracted from along the propagator and transformed using a 2D inverse Laplace' transform. The peak intensities were integrated and plotted as a function of mixing time and displacement; examples of a diagonal and a cross peak are shown in Fig. 2 from the quartz sand sample. 400 T,u{ms) FIGURE 2. Experimental peak intensities for the quartz sand as a function of mixing time, Tm (ms), and displacement, Z (i-im), for (a) a diagonal peak (b) a cross peak. The minimum to maximum intensity in the plot is depicted by the color range from blue to red.
ANALYSIS AND DISCUSSION
Simulated peak intensities calculated from theory are fitted to the experimental resuhs by optimisation of several pore characteristics. Previously, in calculation of our simulated fits we had disregarded the smallest peak in the sand sample, as it only comprised a small percentage of the total signal intensity. With our limestone sample, the smallest peak in the spectrum is not weak enough that we can disregard it. To account for this, we modify the two pore exchange simulations for a three site exchange. The Fontainebleau sample only produced two peaks in the spectra, so the two-pore model was applied to it. Fig. 3 shows the simulated peak intensity fit to the experimental peak intensities shown in Fig. 2 . There continues to be significant discrepancy between the simulated NMR and experimental NMR peak intensities for the cross peaks. This most likely stems from resolution issues of the inverse Laplace transform. Often weaker peaks are not distinguished in the presence of much stronger peaks. Therefore, until the weaker peak has a large enough intensity relative to the stronger peak, it will not be resolved. This may explain the weak intensities seen at short displacements and mixing times despite theory predicting stronger intensity. The Mt. Gambler, which shows the most exchange, has experimental cross peak intensities that best resemble the predicted theory, while the Fontainebleau, with its meager exchange, shows the most deviation.
Z(>im) 15 20 15 ,r~"' -T-^'iOO
•on FIGURE 3. Simulated peak intensities for the quartz sand as a function of mixing time, Tm (ms), and displacement, Z (|-im), for (a) a diagonal peak (b) a cross peak. The minimum to maximum intensity in the plot is depicted by the color range from blue to red.
All three samples produce pore radii consistent with the calculated values from X-Ray CT. We see better agreement with the inter-pore spacing in the Fontainebleau and Mt. Gambler than we do in the sand sample. However, this is most likely resulting from the fact that the two samples appear to have smaller spacings than the tight-packed quartz sand so we can better probe the pore space with the limited distance the fluid molecules will move under free diffusion.
The pore properties values used to produce the plots that fit the simulated peak intensities to the experimental are shown in Tables 1, 2, and 3 Connectivity is known to be typically correlated with porosity; in general, the more porous the material, the better connected the pores are, and therefore more likely that fluid molecules will move between them. In addition, the size of the pores will also determine how quickly molecules move between the different pores. We see this interplay with the exchange times in the sand sample and Mt. Gambler as two samples have similar exchange times. Even though Mt. Gambler is more porous and better connected, it has larger pores. Therefore, though more restricted in their movement, fluid molecules in the sand sample with smaller pores do not need to diffuse as far to move to a new pore.
The sand sample shows general agreement with the tortuosity values from the X-Ray CT analysis, though the exchange between p pores shows a spuriously high tortuosity value. The tortuosity of the Fontainebleau exchange peak is significantly lower than the value found from the X-Ray CT, but considering the uncertainty in the peak intensity due to the low amount of exchange, this is to be expected. The Mt. Gambler shows general agreement with the X-Ray CT results, though the tortuosities found for the cross peaks are on the low side as well. 
CONCLUSIONS
The three samples showed exchange behavior consistent with the morphology determined from the X-Ray CT analysis. The very porous Mt. Gambier sample showed the most exchange while the Fontainebleau showed the least. Pore size distributions seem to be consistent with those calculated from X-ray CT, though the propagator resolved method does not manage to capture the full range of inter-pore spacings with diffusion alone. It is conceivable, that the exchange seen is partially due to exchange between narrow regions or the pore space (throats) and more convex larger regions of pore space (pores). While the results are promising, further tests with a larger set of samples is necessary for thorough validation.
